ABSTRACT: Biomass of benthic algae, expressed as chlorophyll a content (pg cm-') and as dry weight (mg cm-2) per substrate surface area in the coral reef of Curacao at 12 m and 25 m depth was measured from August 1978 to March 1979. To determine dry weights. substrates containing endolithic and epilithic algae were oxidized by means of wet combustion with hydrogen peroxide. Loss of weight caused by this process was regarded as algal dry weight. The crustose corallines Archaeolithothamnjon dimotum intermedium at 12 m to 25.7 mg cm-2 for epilithic filamentous algae on substrates containing endolithic algae at 25 m. Both at 12 m and at 25 m, differences in chlorophyll a content and dry weights between substrates containing endolithic algae with and without epilithic filamentous algae were low. Biomass of endolithic algae is quantitatively more important than that of epilithic filamentous algae. It is concluded that, at 12 m, biomass of the algal vegetation as a whole is lowest while production is highest. This is attributed to maximum grazing pressure at this depth ('drop off' community), especially on epilithic filamentous algae.
INTRODUCTION
A striking feature of coral reefs is the inconspicuousness of filamentous benthic algae as contrasted with the abundance of other benthic organisms such as corals and crustose corallines and with the abundance of herbivorous animals. The inconspicuousness of this vegetation is now attributed to intensive grazing by herbivorous fishes and sea urchins (Hiatt and Strasburg, 1960; Randall, 1961; Bakus, 1966; van den Hoek, 1969; Earle, 1972; Vine, 1974; van den Hoek et al., 1975 van den Hoek et al., , 1978 Ogden, 1976; Wanders, 1976a; Brawley and Adey, 1977) . Cage experiments, in which algae were protected against grazing, resulted after some time in the development of a luxurious vegetation of filamentous algae (Randall, 1961; Bakus, 1967; Earle, 1972; Vine, 1974; Ogden, 1976; Day, 1977; Wanders, 1977) . For instance, a small patch reef in the Virgin Islands cleared of all sea urchins was overgrown with a dense cover of algae within 6 months (Ogden et al., 1973; Ogden and Lobel, 1978) . These results support van den Hoek's hypothesis (1969) that undergrazing might cause degradation of the coral reef. Overgrowth of the reef with algae would not only prevent settlement and growth of crustose corallines and juvenile corals but could also kill adult benthic organisms by the entrapment of sediment in the algal mat (Dart, 1972; Vine, 1974; van den Hoek et al., 1975 van den Hoek et al., , 1978 Wanders, 1977; Ogden and Lobel, 1978; Brock, 1979) . More evidence about the role of herbivorous fishes comes from a comparison of the algal vegetation in and outside the territories of damselfishes. Vine (1974) and Brawley and Adey (1977) found a higher algal biomass inside the territories than outside. Damselfishes are known to defend their territories against other fishes, including herbivorous species (Vine, 1974; Brawley and Adey, 1977; Ogden and Lobel, 1978) .
The reef can also be endangered by overgrazing. When the standing stock of filamentous algae is not sufficient to support the large quantities of herbivorous O Inter-Research/Printed in F. R. Germany animals, reef degradation can occur because calcareous substrates and crustose corallines are rasped off (Adey and Vassar, 1975; van den Hoek et al., 1975; Bak, 1976) . Moreover, according to Bak a n d van Eys (1975) , Diadema antillarum Philippi -a sea-urchin known to be herbivorous -can rasp off living coral tissue a s a secondary food source. These observations clearly demonstrate the importance of benthic algae in reef building and degradation processes.
The role of benthic algae in the coral reef of Curaqao has been investigated since 1969 (van den Hoek, 1969 . Van den Hoek et al. (1975 , 1978 investigated the zonation of algae in relation to that of corals and gorgonians in 2 transects down to 65 m depth. They found that total coverage of fleshy and filamentous algae a n d of crustose corallines was lowest i n the 'drop off community' (6.5-13 m depth) and increased with increasing depth down to 50 m. Wanders (1976a Wanders ( , b, 1977 investigated the role of benthic algae in the shallow reef (0.5 m 3 m depth). H e measured production and biomass of the different vegetation components per unit reef surface. By estimating the mean substrate surface area occupied by the various primary producers per square meter of sea surface he was able to estimate productivity of each of the photosynthetic participants of the reef on an area basis. In addition, he demonstrated the important role of herbivores in the shallow reef with quantitative data. Van d e n Hoek e t al. (1978) emphasize the need for quantitative data on algal growth and herbivorous consumption in the deeper reef zones in order to explain possible relations between grazing and the algal vegetations there. Vooren (1981) measured rates of photosynthesis and respiration of the various vegetation components at 10 m and 25 m depth and de Groot and de Ruyter van Steveninck (unpubl.) measured the relative coverage of the various reef components down to 40 m. In this paper measurements are presented on the biomass of the various vegetation components. A combination of these data on production, biomass a n d relative coverage permits a n estimation of the role of the various primary producers in the deeper reef zones of the coral reef of Curaqao.
MATERIALS AND METHODS
The study area is situated off Klein Piscadera on the leeward South-West coast of C u r a~a o (Fig. l) . A description of this area and the species composition of its vegetation can be found in van den Hoek et al. (1978: Transect I) . The sampled vegetations (Fig. 1) were situated at 12 m depth in the 'drop off community' and at 25 m depth in the 'roof shingle community ' (van d e n Hoek et al., 1978) . By means of SCUBA diving, (1978) pieces of carbonate substrate with the attached vegetation of epi-and endolithic algae were collected during August 1978 to March 1979. These limestone rocks were removed with hammer and chisel and were used for chlorophyll a and dry weight determinations. The most common vegetation components were sampled (Table 1 ). All vegetation types collected were from elevated positions; sand and coral rubble were not sampled. Limestone blocks were cut into smaller samples by means of an electric glass-cutting machine. These samples were chosen so that they were representative for the vegetation component as a whole and contained as few animals as possible. Animals present were removed. Samples varied from 8.5-155.8 cm2 and were 0.5-2.0 cm thick. Algal species composition was determined and percentage cover of the sample was estimated. For crustose corallines and endolithic algae Table 2 . At 12 m and 25 m percentage coloured surface was taken, for filamentous algae the total area covered by the filaments was estimated. The total area of the sample was determined by wrapping the surface in aluminurn foil of known density and weighing the foil (Marsh, 1970) . All samples were kept in running seawater and when possible were used the same day as they had been collected.
Chlorophyll a Determinations
Samples were ground in a mortar and extracted in acetone. After filtration over a Whatman GF/C glassfilter, extinction was measured with a Vitatron UPM at wavelengths of 665 and 750 nm (Lorenzen, 1967) . Chlorophyll a, corrected for phaeophytin, was calculated using the formula in Vollenweider (1969, p. 39) and expressed as kg chlorophyll a cm-'. Size, thickness and hardness of the substrate influenced the time and the amount of acetone necessary to extract all chlorophyll a. Because of this the amount of acetone used varied from 55-240 ml, and extraction time from 10-15 min.
Dry Weight Determinations
The samples were dried at 90 "C for 1 to 2 weeks, cooled to room temperature in a dessicator and weighed on a balance (Sartorius DP3/200 g). This weight was called W1. All organic material was oxidized by means of wet combustion with H 2 0 2 (10-20 % for 1 to 2 weeks at room temperature) and the samples were dried and weighed again. (W2). Since some sand remained after this procedure this also had to be dried and weighed. Different samples were oxidized together in one tray so the dry weight of the sand had to be averaged over the samples (W3). This procedure caused some inaccuracies in the dry weight determinations. Finally, the sample's dry weight was calculated as W1-(W2 + W3) and expressed as mg cm-'.
It was not possible to remove the different types of algae from their substrates. Hence, the observed values for chlorophyll a , as well as for dry weight, refer to a combination of epilithic filamentous algae, or crustose corallines, and endolithic algae present in the substrate. To get an impression of the amount of chlorophyll a contributed by the endolithic algae, 2 surveying experiments were carried out. In one experiment epilithic filamentous algae were scraped off a sample from 12 m depth. The remaining limestone (area: 10.46 cm2) was cut into 2 layers, the top layer 12 mm thick, the bottom layer 8 mm. Of both these layers the chlorophyll a content was determined. In the other experiment the chlorophyll a content and dry weight of filamentous algae growing on a PVC plate were measured. Of course, the PVC plate did not contain endolithic algae. The plate had been present in the reef at a depth of 22 m for about 5 years (Bak, pers. comm.) and was overgrown by a sparse vegetation of filamentous algae. Two samples were cut out of the plate (1 16 cm2 and 118 cm2 respectively). Species composition and percentage cover were determined and the vegetation was scraped off. One sample was used for chlorophyll a determination, the other was dried and weighed.
RESULTS

Species Composition
The species composition of the epilithic filamentous algae is summarized in P P Cladophora sp. P P Cladophoropsis mem branacea (C. Ag.) Boerg.
-P Struvea anastomosans (Haw.) Picc.
P Chlorophyll a Table 3 shows chlorophyll a values for the different vegetation components at 12 m and 25 m depth. At 12 m, chlorophyll a values were all in the same order of magnitude, the crustose corallines being at the lower, the epilithic filamentous algae on substrates containing endolithic algae at the higher end of the range. Values varied from 8.7 ( k 2.4) pg chlorophyll a cm-' for Hydrolithon boergesenii to 14.0 ( + 3.5) pg cm-2 for substrates with epilithlc filamentous algae. At 25 m the range of chlorophyll a values was wider than at 12 m.
Again, the crustose corallines were at the lower, the substrates with epilithic filamentous algae at the higher end of the range (Hydrolithon boergesenii: 8.9
[ t 2.41 pg cm-*; substrates with epilithic filamentous algae: 20.5 [ t 5.61 pg cm-'). A comparison between the chlorophyll a contents of substrates containing endolithic algae with and without epilithic filamentous algae (vegetation compo- 
Dry Weights
Results of dry weight measurements are presented in Table 4 . At 12 m, the differences in dry weight between the various vegetation components are small. Values range from 12.7 ( + 6.7) mg cm-2 for the crustose coralline Lithophyllum cf. intermedium to 15.2 ( + 6.3) mg cm-2 for substrates with epilithic filamentous algae. At 25 m, the range in dry weight values is wider with the lowest value for Hydrolithon: 13.3 (f 6.8) mg cm-2 and the highest value for substrates with epilithic filamentous algae: 25.7 ( + 6.0) mg cm-2.
Comparison of the dry weights of the same vegetation component sampled at different depths shows that for endolithic algae and for substrates bearing epilithic filamentous algae dry weights per cm2 are significantly higher at 25 m (p < 0.05 and p < 0.02 respectively); for Hydrolithon there is no significant difference (0.50 < p < 0.90).
Dry weights of substrates that contain endolithic algae with and without epilithic filamentous algae (vegetation components 5 and 4 respectively) were not significantly different, both at 12 m (0.50 < p < 0.90) and at 25 m depth (0.50 < p < 0.90).
Comparative Contributions of Epilithic Filamentous
Algae and Endolithic Algae to Total Biomass epilithic and endolithic algae suggests that only a small proportion of the biomass in and on coral limestone is contributed by the epilithic filamentous algae. In order to investigate further the quantitative role of the endolithic and the epilithic filamentous algae, 2 surveying experiments were carried out. When the filamentous algae were scraped off a piece of limestone (from 12 m depth) containing endolithic algae, the remaining limestone still contained a considerable amount of chlorophyll a: 9.9 pg cm-' in the upper 1.2 cm (compare Table 3 ); no measurable amount in the remaining 0.8 cm. Table 5 presents the results of chlorophyll a and dry weight measurements of filamentous algae on a PVC plate from 22 m depth. Only 1.0 pg chlorophyll a, or 2.7 mg dry weight cm-2 were present. These values must be doubled in order to correct for percentage cover. Ectocarpus sp. Cladophora sp.
DISCUSSION
Comparison of the biomass of substrates containing When measuring biomass of benthic algae in coral only endolithic algae with substrates inhabited by both reefs a problem is how to separate the algae from their substrates. While larger filamentous algae may be harvested, although care must be taken not to include limestone scrapings in the algal samples, small filamentous algae and crustose corallines, both common in the reef of C u r a~a o , required 2 other methods. Chlorophyll a measurements were carrled out by grinding whole samples including the limestone substrate. Dry weights were determined by oxidizing all organic material present in the sample by means of wet combustion with hydrogenperoxide and taking the weight loss caused by this process as the dry weight of the sample. Of course, both methods measure biomass of endolithic algae plus that of epilithic algae. An impression of the contribution of the epilithic algae can be obtained by comparing the biomass of substrates with and without epilithic algae. Dry weights determined by means of wet combustion include organic matter belonging to dead algal material. However, since all the organic material can essentially be regarded as a food source for herbivores, these data are useful in quantitative studies concerning the role of algae in coral reefs.
So far, few measurements on algae biomass in coral reefs have been carried out. Biomass of filamentous algae harvested form their substrates was measured as chlorophyll a (Wanders, 1976a (Wanders, , 1977 , as dry weight (Vine, 1974; Wanders, 1976a Wanders, , 1977 and as wet weight (Brawley and Adey, 1977) . Biomass of crustose corallines was mostly measured on an area basis -for instance as cover, relative density or frequency (Litter, 1971 (Litter, , 1973 ; only Wanders (1976a Wanders ( , 1977 determined chlorophyll a in addition. Biomass measurements of endolithic algae are so far lacking.
The chlorophyll a data presented in this paper can best be compared with those found by Wanders (1976a) for the shallow reef (0.5 m-3 m depth) of Curagao. He found that chlorophyll a values of the different crustose corallines ranged from 13.4 to 24.3 (mean 17.0) pg cm-2. This is higher than the values we found both at 12 m (8.7-1 1.8 pg cm-') and at 25 m (8.9-1 1.0 pg cm-2). Chlorophyll a contents of Wanders' 'sparse turf vegetation' (11.1 pg cm-2) and 'dense turf vegetation' (17.9 pg cm-') may be compared with those in our vegetation components 4 and 5: 'endolithic algae' (12.3 pg cm-2 at 12 m and 15.6 ,ug cm-2 at 25 m) and 'epilithic filamentous algae on substrates containing endolithic algae' (14.0 pg cm-2 at 12 m and 20.5 pg cm-2 at 25 m). At greater depths the chlorophyll a contents of these vegetations seem to be somewhat higher
The dry weight values presented here can be compared with data from Vine (1974) , Wanders (1976a) and Vooren (1981) . Only Vooren (1981) used the same method to determine dry weights, i.e. by means of wet combustion. For comparable vegetation components and depths Vooren's values lie somewhat higher than ours. This is probably due to the loss of sediment from the samples during the wet combustion process which has been corrected for in this paper and not by Vooren. Very low dry weight values were found by Vine (1974) , who compared growth of green filamentous algae in and outside territories of Pornacentrus lividus Bl. Schr. and Acanthurus soh01 Forskal on protected and unprotected settlement plates in a patch reef in the Sudanese Red Sea. For unprotected plates outside territories he found 0.67 mg cm-2 at 12 m and 0.09 mg cm-' at 20 m depth (data from his Fig. 2 ). This is very low in comparison to the 2.7 mg cm-2 found on the PVC plate from 22 m in the reef of Curaqao. However, Vine's settlement plates had been in situ for only 30 days in contrast to the PVC plate, which had been in the reef for about 5 years. For plates protected against grazing, Vine (1974) found at 20 m about the same dry weights as for unprotected plates; at 12 m, 8.0 mg cm-2. In the shallow reef of Curaqao dry weight values can be much higher. Wanders (1976a) found 25.5 mg cm-2 for dense vegetations of turf algae separated from their substrates. These dense vegetations are found in places not easily accessible to herbivores (Wanders, 1976a) .
In summary, it may be concluded that the chlorophyll a values and the dry weight values presented in this paper lie well within the range found for these parameters in comparable habitats by other authors. Both chlorophyll a and dry weight are useful biomass parameters for benthic algae in coral reefs. Dry weight measurements can be carried out more easily, but chlorophyll a measurements seem to be more accurate in view of the narrower confidence intervals.
Comparison of the biomass of the various vegetation components shows that endolithic algae are quantitatively much more important than the epilithic filamentous algae. At 12 m and at 25 m depth, vegetations with and without epilithic filamentous algae do not differ significantly in chlorophyll a contents and dry weights. These results are further supported by the observation that a considerable amount of chlorophyll a (9.9 1-19 cm-2) can be measured in a piece of limestone substrate from which the epilithic filamentous algae have been scraped off. Also the small amount of biomass found for filamentous algae growing on a PVC plate supports the conclusion that endolithic algae are quantitatively much more important. Probably the same conclusion holds true for the shallow reef (Wanders, 1976a ). The differences in chlorophyll a content between the 'dense turf vegetation' and the 'sparse turf vegetation' are small -the latter vegetation still contains about 65 % of the biomass of the former. This can probably be attributed to endolithic algae. Possibly, endolithic algae play a n important role as food source for herbivores. Fig. 2 combines the chlorophyll a and dry weight values presented in this paper with production data measured by Vooren (1981) . The values presented are expressed per unit of substrate surface area for each of the studied vegetation components. For all 3 vegetation components (crustose corallines, endolithic algae, and epilithic filamentous algae on substrates containing endolithic algae) production is lowest at 25 m. This is attributed to the fact that at this depth less light is available for photosynthesis (Vooren, 1981) . Despite this, biomass relative to production is high at 25 m. It would seem that at 12 m the high production should be capable of establishing a large standing crop of algae. The absence of such crop suggests heavy grazing pressure; this is in agreement with the observation that at this depth (the 'drop off community') the reef is inhabited by many herbivores. Although the biomass of vegetations with epilithic filamentous algae is hardly higher than that of vegetations without epilithic filamentous algae, production of the former is much higher. Apparently, grazing pressure is heaviest on filamentous algae. This is probably caused by their easy accessibility to herbivores. Table IV ) and chlorophyll a and dry weight values from this paper (Tables 3 and 4) . 12 m: production for Hydrolithon boergesenii calculated from Fig. 3 in Vooren (1981) , assuming that in situ light is about 50 % of available light; mean blomass values for H. boergesenii and Lithophyllum cf. intermed~urn. 25 m: mean production and biomass values for Archaeol~thothamnion dirnotum and H. boergesenii
In Fig. 3 data on biomass and production are expressed per m2 of reef surface area and summarized for the different reef zones. For this purpose biomass data from this paper and production data from Vooren (1981) Fig. 3 . Net production (gCm-2y-') and biomass (mg chlorophyll a m-' and g dry weight m-') per reef surface area for various vegetation components a t 3 different depths; data in Fig. 2 are combined with relative coverages of the vegetation components calculated from Table IV in Wanders (1976a) for 2 (0.5-3) m and from data presented in Table 6 (this paper) for 12 m and 25 m For 2 (0.5-3) m production was calculated from Table IX in Wanders (1976a) and chlorophyll a values were taken from Table V11 in Wanders (1976a) transects at about 12 m and 25 m depth (Table 6) . Their Transect I corresponds with the area investigated in this paper and the values for this transect have been used. Table 6 shows that relative coverages do not vary greatly for these 2 transects on the reef. For the shallow reef, data have been calculated from Wanders (1976a) . Damselfish territories and vegetations consisting of endolithic algae only have been left out of Fig 3. because their percentage cover in the reef is low (Table 6 ). Coral rubble and sand are quantitatively important components in the reef, especially at 12 m 
